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(54) Application of friction stir welding to superplastically formed structural assemblies 



(57) The superplastically fonmed structural assenv 
biy includes first and second structural members having 
facing surfaces. The first and second structural mem- 
bers can include a first outer structural member, a sec- 
ond outer structural member or at least one intermediate 
structural member. In one embodiment, the first and 
second structural members Include first and second out- 
er structural members. In another embodiment, the first 
and second structural members include first and second 



intemnedlate structural members. The structural assem- 
bly Includes at least one friction stir weld joint joining the 
first and second structural members. In one embodi- 
ment, the facing surface of the first structural member 
is at least partially covered with oxide to prevent thenmo- 
compression welding of the first and second structural 
members adjacent the at least one friction stir weld joint. 
In another embodiment, the facing surface of the second 
structural member Is at least partially covered with ox- 
ide. 




FIG. 5. 
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Description 

Field of the Invention 

[0001] The present invention relates to structural as- 
semblies and, more particularty> relates to the applica- 
tion of friction stir welding to superplastically fonned 
structural assemblies. 

[0002] Superplastbforrrong ("SPP) is a process used 
to fomi structural assemblies having complex three-di- 
mensional shapes, such as the two- and three-sheet as- 
semblies 10, 1 1 illustrated in Rgures 1 A and 1 B, respec- 
tively. These assemblies are fomled from metal alloys, 
such as aluminum and titanium alloys (particularly Zn- 
22Af and T1-6AI-4V) that exhibit superplastic behavior at 
certain temperatures, i.e., large elongation (up to 2000 
percent) under low strain rates. During the SPF process, 
a multi-sheet SPF pacic Is placed into a shaping die and 
heated to a sufficiently high temperature to soften the 
sheets of material. Pressurized heated gas Is then in- 
jected into the SPF pack, causing the pack to inflate and 
fill the die. The assembly is then cooled and removed 
from the die and final machining steps are performed, 
such as edge trimming, to fomn the finished structural 
assembly. 

[0003] As illustrated in Figure 2A, the SPF pack 12 
used to form the structural assembly is constructed by 
stacking two or more sheets 13 of material (a three- 
sheet SPF pack is illustrated in Figure 2) and joining the 
sheets by fomrilng partial-penetration weld joints 14 
making a pre-selected pattern using any conventional 
fusion welding processes such as oxyfuel, arc, and re- 
sistance welding. A partial-penetration weld joint joins 
two or more adjacent sheets in a stack, but generally 
does not join all the sheets In the stack. The partial-pen- 
etration weld joints define areas therebetween where 
the adjacent sheets 13 remain in contact after the SPF 
pacIc 1 2 has been inflated to fonm the stmctural assem- 
bly. As illustrated in Figure 2B, prior to inflating the SPF 
pack 1 2, the sheets of material 1 3 in the stack are joined 
by full-penetration weld joints 16 along the periphery of 
the stack to thereby form a sealed pack 12. Plumbing 
fittings 17 are connected to the Interior of the pack 12 
through gas passages (not shown) machined into or be- 
tween the sheets of material so that pressurized heated 
gas can be injected into the pack. The SPF pack 12 is 
typbally sealed around the plumbing fittings 17 by fillet 
welds formed between the fittings 17 and the edge of 
the pack 12 using conventtonal fusion welding process- 
es. 

[0004] The SPF process is particularly advantageous 
since complex shapes can be fonmed with lower tooling 
costs. Additionally, structural assemblies formed using 
the SPF process have minimal residual stresses. Not- 
withstanding these benefits, the materials used during 



the SPF process are generally limited to those that are 
readily weldable using conventional fusion welding 
techniques, such as oxyfuel. arc, and resistance weld- 
ing, due to the necessity of forming partial-penetratton 
5 and full-penetration welds In preparing the SPF packs. 
Thus, "unweldable" materials are unavailable to design- 
ers for use with the SPF process, as these materials pro- 
duce relatively weak weld joints. "Unweldable" materials 
are materials thatposses&hlgh^conductMty and^uk^ldy 
~^0— dissipate-hegtf-away-f rom th o w o l d jo i nt and/or t hat-ex- 
hbit cracking along the weld joint as a result of stresses 
caused by thermal expansion. Such materials Include 
aluminum and some aluminum alloys, partbularly some 
AA 2000 and 7000 series alloys. The exclusion of these 
IS materials from use with the SPF process has been prob- 
lematic, as many of these materials possess special cor- 
rosion, fatigue, strength, density or ductility characteris- 
tics that are desired In certain applications. 
[0005] In seeking better methods for forming SPF 
^ packs and, in particular, forming the partlal-penetratton 
and full-penetration welds between the individual sheets 
in the pack, a relatively new welding process known as 
friction stir welding has been proposed. As illustrated in 
Rgures 3 and 3A. friction stir welding is a solid state 
2S process in which the probe 18 of a rotating friction stir 
welding tool 15, whk:h Is attached to a friction stir weki- 
ing machine (not shown), is forced into or between work- 
pieces 19 that are to be joined. The frictionai heat gen- 
erated by the rotating probe 18 and the shoulder 15a of 
30 the friction stir welding tool 15 creates a piastk:ized re- 
gk>n or joint between the workpieces 19 that subse- 
quently solidifies thereby joining the workpieces. See 
S. Patent No. 5.460,317 to Thomas et al. for a general 
discussion of friction stir welding, the contents of whtoh 
35 are incorporated herein by reference. 

[0006] Although friction stir welding is a solid state 
process that can be used to join materials that were pre- 
viously considered unweldable using conventional fu- 
sion welding techniques, the use of f rction stir welding 
40 to fomn weld joints between stacked sheets of material 
during the construction of SPF packs presents several 
problems. First, as illustrated in Figure 4, the frictionai 
heat conducted to the interface between the sheets 20 
by the rotating friction stir wekiing probe 18 and the tool 
^ shoulder 1 5a, when combined with thepressure exerted 
on the sheets by the shoulder, can cause themno-com- 
pression welding 21 of the interface between the adja- 
cent sheets resulting in weld joints as wide as the diam- 
eter D of the shoulder. In this regard, the diameter D can 
50 vary, depending on the thk:kness of the material being 
welding, from approximately .2 Inches to approximately 
1 inch, and even as much as approximately 1 .6 inches 
for relatively thick sheets. Thermo-compression welding 
21 is particulariy a problem when friction stir weteiing thin 
55 sheets of material, on ttie order of 1 .5 mm In thtekness. 
Ideally, in order to maintain the tolerances of the finished 
structural assembly and minimize stock material usage, 
the weld joints should only be as wide as the diameter 



EP1 245 325 A1 



P of the frkrtion stir welding probe 18» which typicaOy is 
about as large as the thickness of the plate or plat^ to 
be welded. For example, for a 1 .5 mm plate, a 1 .5 mm 
diameter probe would be acceptable. Secondly, as illus- 
trated in Figure 2B. to contain the pressurized heated 5 
gas that is injected into the SPF pack 12 during thoSPF 
process, the pack is sealed by forming full-penetration 
weld joints 16 around the periphery of the pack. How- 

__ever, on the si de of the SPF pack 1 g wh pre the plu m bing 

fittings 17 are attached, friction stir welding cannot be io 



iment, the method includes the steps of providing first 
and second structural members. Advantageously, a sur- 
face of at least one of the first and second structural 
members is selectively anodized to thereby prevent 
thermo-compression welding between the first arid sec- 
ond structural members. In one embodiment, the selec- 
tive anodizing step includes inrvnersing the at least one 
of the first and second structural memt>ers in an anodize 
- bath as the ariode-iij-aii-electrolytic ceik laanottw^ern- - 
bodfment. the selective anodizing step include brush 



used as the rotating probe 18 will impinge upon and 
damage the plumbing fittings and/or obstruct the inter- 
nal passages intended for delivery of gas to the interior 
portion of the SPF pack. 

[0007] Thus, there is a need for improved methods of is 
forming SPF packs, and particulariy. fort ricdon stir weld- 
ing SPF packs. Such manufacturing methods should be 
cost effective, minimize thermo-compression wekjing of 
the interface between adjacent sheets of material and 
prevent damage to the plumbing fittings of SPF packs. ^ 

Summary of the Invention 

[0008] The present invention provides a superplasti- 
cally fomried structural assembly and an associated 2S 
method for manufacturing. The structural assembly in- 
cludes first and second structural members having fac- 
ing surfaces. The first and second structural members 
can include a first outer structural member, a second 
outer structural member or one or more intermediate 30 
stnjctural members. In one embodiment, the first and 
second structural members include first and second out- 
er stmcturai menders. In another embodiment, the first 
and second structural mennbers include first and second 
intemnediate structural members. The first and second 55 
structural members may be fomied of titanium, alumi- 
num, or alloys thereof. In one embodiment, the first and 
second structural members are formed of dissimilar 
metals. 

[0009] The structural assembly includes at least one 40 
friction stir weki joint joining the first and second struc- 
tural members. The structural assembly may include a 
plurality of fiiction stir weld joints joining the first and sec- 
ond structural members. In one embodiment, the plural- 
ity of f rtotlon stir weld joints define areas therebetween 45 
wherein the facing surface of the first structural member 
is spaced apart from the facing surface of the second 
structural member. In another embodiment, the facing 
surface of the first structural member is at least partially 
covered with oxide. In yet another embodiment, the fac- so 
ing surface of the second structural member is at least 
partially covered with oxide. InstiO another embodiment, 
the oxide has a thickness of at least 5 nm. Advanta- 
geously, the oxide prevents thenmo-compression weld- 
ing of the first and second structural members adjacent 55 
the at least one friction stir weld joint. 
[001 0] The present invention also provides a method 
for manufacturing a structural assembly. In one embod- 



anodizing the surface of the at least one'of the first and 
second stmcturai members. The first and second struc- 
tural members are stacked and then selectively joined 
to forni a sealed fonming pack. The sealed fomning pack 
is then superplastlcally formed to thereby forni the struc- 
tural assembly. The structural assembly may be ma- 
chined after the superplastlc-forming step. 
[0011] In one embodiment the superplastte-fomning 
step Includes positioning the sealed forming pack in a 
shaping die. The sealed fomning pack is then heated ac- 
cording to a predetermined temperature schedule. Fol- 
lowing the heating step, pressurized heated gas is in- 
jected into the sealed forming pack to infiate the sealed 
forming pack into a shape defined by the shaping die. 
[0012] In another embodiment, the method of manu- 
facturing includes the steps of selectively anodizing a 
surface of at least one structural member, whteh stmc- 
turai member can include a first outer stmcturai mem- 
ber, a second outer stmcturai member, or an intermedi- 
ate structural member, to thereby prevent thermo-com- 
pression welding to the at least one stmcturai member 
having the selecth^ely anodized surface. In one embod- 
iment, the selective anodizing step includes immersing 
the at least one structural member in an anodize bath 
as the anode in an electrolytic cell. In another embodi- 
ment, the selective anodizing step includes brush ano- 
dizing the surface of the at least one structural member. 
The first and second outer structural members and at 
least one intenmediate structural member are then 
stacked such that the at least one Intemnediate structur- 
al member Is positioned between the first and second 
outer structural members. The first and second outer 
structurEU members are then selectively joined to the at 
least one intermediate stmcturai member to fomi a 
sealed fomning pack. In one embodiment, the selecth^e 
joining step occurs concun^ently with the stacking step. 
The sealed forming pack is then superplastlcally formed 
to thereby form a structural assembly. The structural as- 
sembly may be machined after the supeiplastto-forming 
step. 

[0013] In yet another embodiment, the method of 
manufacturing a stmcturai assembly includes the steps 
of joining strips of fusion weldable material to corre- 
sponding first edges of first and second structural mem- 
bers. The first and second stmcturai members are then 
stacked such that the strips of fusion weldable material 
attached to the corresponding first edges of the first and 
second structural members are superimposed. In one 
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embodiment, at least one partial-penetration friction stir 
weld Joint is formed between the first and second struc- 
tural members after the stacking step. Prior to the par- 
tial-penetratlon-weld-joint-forming step, the surface of 
at least one of the first and second structural members 
may be selectively anodlzed. In one embodiment, the 
selective anodizing step Includes immersing the at least 
one of the first and second structural members fn an an- 
odize bath a&theanode in an electroiytiacelL Inanother 

— embodimenty-the-selecti v e anodizii 
brush anodizing the surface of the at least one of the 
first and second structural members. After the stacking 
step, full-penetration frtetion stir weM Joints are fomried 
along a portion of the peripheral edges of the first and 
second structural members and the strips of fusion 
weldable material to thereby define a non-wekied 
plumbing edge ak>ng the strips of fusion weldable ma- 
terial. Plumbing fittings are at least partially Inserted into 
the plumbing edge of the strips of fusion weldable ma- 
terial. In one embodiment, prior to the stacking step, cut- 
outs to receive the plumbing fittings can be machined in 
the plumbing edge of at least one of the strips of fusion 
weldable material. After the inserting step, a fusion weld 
joint is fomned along at least a portion of the plumbing 
edge of the strips of fusion weldable material such that 
the plumbing fittings are sealed between the strips of 
fusion weldable material. The first and second structural 
members are then superplastically fomned to thereby 
fonn the structural assembly. The strips of fusion weld- 
able material attached to the corresponding first edges 
of the first and second structural members can be ma- 
chined away after the superplastk^-fomiing step. 
[0014] The method of manufacture according to the 
previous embodiment may also include joining a strip of 
fusion weldable material to a corresponding first edge 
of at least one intenmedlate structural member. The first 
and second outer structural members and the at least 
one intemiedlate structural member are then stacked 
such that the at least one intermediate structural menrv 
ber is positioned between the first and second outer 
structural members and the corresponding strips of fu- 
sion weldable material are superimposed. In one em- 
bodiment, the surface of at least one structural member, 
which structural member may Include the first outer 
structural member, the second outer structural member, 
or an intenmedlate structural member, may be selective- 
ly anodized prior to the stacking step, in one emt)odi- 
ment, the selective anodizing step includes immersing 
the at least one structural member in an anodize bath 
as the anode in an electrolytk? cell. In another emt>odi- 
ment, the selective anodiznig step comprises brush an- 
odizing the surface of the at least one stmcturaJ mem- 
ber. At least one partial-penetration friction stir weld joint 
may then be formed between the at least one structural 
member having a selectively anodized surface and an 
adjacent structural member concurrently with the stack- 
ing step. After the stacking step, full-penetration friction 

stir weld joints are fomied along a portion of the periph- 
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eral edges of the first and second outer structural menrv 
bers, the at least one intermediate structural member, 
and the strips of fusion weldable material to thereby de- 
fine a non-welded plumbing edge along the strips of fu- 
sion weldable material. Plumbing fittings are then at 
least partially inserted into the plumbing edgeof at least 
one of the strips of fusion weldable material. In one em- 
bodiment, prior to the stacking step, cutouts to receive 
the pUjmk)irig-f ittJngs can^ ba machined In the plumbing 

a t l e as t o ne- of th e s trips of fusi on w e ldabl a^ffta — 
terial. After the inserting step, a fusion weld' joint is 
formed atong at least a portion of the plumbing edge of 
the strips of fusion weldable material such that the 
plumbing fittings are sealed between the strips of fusion 
weldable material. The first and second outer structural 
members Euid the at least one intenmedlate structural 
member are then superplastically fomied to thereby 
fonm the structural assembly. The strips of fusion weld- 
able material friction stir welded to the corresponding 
first edges of the first and second outer structural mem- 
bers and the at least one intemnediate structural mem- 
ber may be machined away after the superplastic-fonm- 
Ing step. 

[0015) In yet another embodiment, the method of 
manufacturing a structural assembly includes the steps 
of drilling at least one aperture into a peripheral edge of 
at least one of a plurality of structural members, wherein 
the at least one aperture defines a primary gas passage. 
The plurality of structural members are stacked. After 
the stacking step, full penetration friction stir weld Joints 
are fonmed along peripheral edges of the plurality of 
structural members other than a non-wekJed plumbing 
edge, wherein the plumbing edge comprises the primary 
gas passage. An edge member is secured to the plumb- 
ing edge of the plurality of structural members. The 
plumbing edge may be machined flush prior to the se- 
curing step. At least one aperture is drilled through the 
edge member to thereby define a secondary gas pas- 
sage such that the secondary gas passage of the edge 
member is in flukd communication with the primary gas 
passage of the plumbing edge. A plumbing fitting is at- 
tached to the secondary gas passage of the edge mem- 
bev. The plurality of structural members are then super- 
plastrcally fonmed to thereby fomi the structural assem- 
bly. The edge member may be machined away after the 
superplastic-fomfiing step. In one embodiment, the sur- 
face of at least one of the plurality of structural members 
is selectively anodized prior to the stacking step. In one 
embodiment, the selective anodizing step includes im- 
mersing the at least one of the plurality of structural 
members in an anodize bath as the anode In an elec- 
trolytic cell. In another emt>odiment, the selective ano- 
dizing step comprises brush anodizing the surtace of the 
at least one of the plurality of structural members. In an- 
other embodiment, at least one partial-penetration fric- 
tion stir weld Joint nnay be formed between the at least 
one structural member having a selectively anodized 
surface and an adjacent structural member after the se- 
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lective anodizing st^. 

[0016] Accordingly, there has been provided a struc- 
tural assenibly and an associated method of manufac^ 
ture allowing for the cost-effective nnanufacture of su- 
perplasticafly-formed structural assemblies using fric- s 
tlon stir welding to fomri the SPF packs. The method of 
manufacture minimizes thermo-compression welding of 
the interface between adjacent sheets of material and 
■Prevents damagetQ the plumbing fittings of <^PF pa^ifg 
The resultant structural assemblies have fine details, io 



tural member, according to still another embodi- 
ment of the present Invention; 
Rgure 7A is a perspecth/e view illustrating the con: 
struction of a forming pack, according to one env 
bodlment of the present invention; 
Figure 7B is a plan view Illustrating the cutouts ma-^ 
chined into the first edge of the intermediate struc- 
tural member and the corresponding strip of fusion 

weldablenriaterial-ot-Rgure-7A; 

Figure 70 is a pprsp e ct i ve view illu s trating th e^or^ 



dose tolerances, and minimal residual stresses.- 
Brlef Description of the Drawings 
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[00171 The foregoing and other advantages and fea- 
tures of the Invention, and the manner in which the same 
are accomplished, will become more readily apparent 
upon consideration of the fblk>wlng detailed description 
of the invention taken in conjunction with the accompa- 
nying drawings, whk:h illustrate preferred and exempla- ^ 
ry embodiments, and wherein: 

Figure 1 A is a fragmentary perspective view illus- 
trating a two-sheet superplastically formed structur- 
al assembly, as is known in the art; 2S 
Figure 1 B Is a fragmentary perspective view illus- 
trating a two-sheet superplastically formed structur- 

^ al assembly, as is known in the art; 

i Figure 2A is a perspective view illustrating partial- 
penetration welds fomned in a stack of sheet mate- 3o 
rial using conventional fusion welding techniques, 
as is known In the art; 

Rgure 28 is a plan view illustrating a conventional 
SPF pack prior to undergoing superplastic fomiing 
that is known in the art. 3s 
Figure 3 is a perspective view illustrating the joining 
of two workpieces through a friction stir weld butt 
joint, as is known In the art; 
Figure 3A Is a plan view Illustrating a conventional 
friction stir welding tool, as Is known in the art; 40 
Figure 4 is a partial cross-sectional view illustrating 
a thermo-compression weld formed when friction 
stir wekjlng two stacked sheets of material; 
Figure 5 is a perspective view illustrating a structur- 
al assembly, according to one embodiment of the ^ 
present Invention; 

Figure 5A is a cross-sectional view of the structural 
assembly of Rgure 5 taken along lines 5A-5A; 
Rgure 6A is a cross-sectional view illustrating the 
formation of an oxide film on the surface of a struc- so 
tural member, according to one embodiment of the 
present invention; 

Rgure 68 is a cross-sectional view Illustrating the 
formation of an oxide film on the surface of a struc- 
tural member, according to another embodiment of , 55 
the present Invention; 

Rgure 6C Is a cross-sectional view illustrating the 
formation of an oxide film on the surface of a struo- 



— mation of partial-penetration and full-penetration 
friction stir weld joints between the structural mem- 
bers of Figure 7A; 

Figure 70 is a cross-sectional view of the stacked 
structural members of Rgure 7C Illustrating the se- 
lectively anodized surfaces of the adjacent structur- 
al members; 

Rgure 7E is a plan view of the stacked structural 
members of Rgure 7C illustrating the attachnrient of 
the plumbing fittings to, and seating of, the forming 
pack; 

Figure 7F is a perspective view illustrating the po- 
sitioning of the sealed fonning pack within the con- 
tainment die; 

Figure BA is a perspective view illustrating the con- 
struction of a fomiing pack, according to one em- 
bodiment of the present invention; 
Figure SB is a plan view illustrating the cutouts ma- 
chined into the intermediate structural member of 
Rgure BA; 

Figure 8C is a perspective view illustrating the for- 
mation of partial-penetration and full-penetration 
friction stir wekl joints between the structural menv 
bers of Figure 8A; 

Figure BD is a plan view of the stacked structural 
members of Figure 8C illustrating the attachment of 
the edge memt>er and plumbing fittings to the struc- 
tural menDbers of Figure BA and the sealing of the 
forming pack; 

Figure 9 is a flow chart illustrating the steps for man- 
ufacturing a structural assembly, according to one 
embodiment of the present invention; 
Rgure 10 is a flow chart Illustrating the steps for 
manufacturing a structural assembly, according to 
another embodiment of the present Invention; 
Rgure 11 Is a flow chart illustrating the steps for 
meviufacturing a structural assembly, according to 
still another embodiment of the present invention; 
Figure 11 A is a flow chart illustrating the ^eps for 
manufacturing a structural assembly, according to 
still another embodiment of the present invention; 
Rgure 12 is a flow chart illustrating the steps for 
manufacturing a structural assembly, according to 
still another embodiment of the present invention. 
Figure 1 3A is a perspective view illustrating thecon- 
struction of a fomning pack, according to one em- 
bodiment of the present invention; 
Rgure 1 38 is a plan view illustrating the cutouts ma- 
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chined into the edge member and the plumbing fit- 
tings of the fomning pack of Figure 13A; and 
Rgure 1 3C is a perspective view illustrating a struc- 
tural assembly fomned from thefonning pack of Fig- 
ure 13B. 

Detailed Description of the Invention 

[001 Bl The present . invention now. will be- described 

ing drawings, in which preferred embodiments of the in- 
vention are shown. This Invention may, however, be em- 
bodied in many different fomns and should not be con- 
strued as Irnited to the embodiments set forth herein; 
rather, these embodiments are provided so that this dis- 
closure will be thorough and complete, and will fully con- 
vey the scope of the invention to those skilled In the art. 
Like numbers refer to like elements thR>ughoiit. 
[001 9) Referring now to the drawings and, In particu- 
lar to Figure 5, there is Illustrated a superplasticalty 
formed stmctural assembly 22, according to one em- 
bodiment of the present invention. The structural as- 
sembly 22 can be used in a variety of structures, includ- 
ing the primary or secondary structure of an aircraft. The 
structural assembly 22 iliustrated in Figure 5 includes a 
first outer structural member 23a, a second outer struc- 
tural member 23b and an Intermediate structural menrv 
ber 23c. One of the outer structural members 23a, b can 
form the outer skin of an aircraft. Other types of struc- 
tural assemblies can also be constructed, if so desired, 
including structural assemblies having only one or two 
structural members. Assemblies having four or more 
structural members may also be constructed, Including 
assemblies having first and second outer structural 
members and a plurality of intermediate structural m em- 
bers. The structural members 23a, b, c can be ma- 
chined, through known manufacturing methods, into a 
predetermined shape and thickness, as required by the 
specific design loads and specifications. 
[0020] Structural assemblies 22 constructed accord- 
ing to the present Invention may be fomrted In a variety 
of complex three-dimensional shapes having fine de- 
tails and dose tolerances. As illustrated in Figures 5 and 
5A, the structural members 23a, b, c are joined together 
along portions of the peripheral edges 23d of the first 
and second outer structural members 23a, b and the 
intermediate structural member 23c by full-penetration 
friction stir weld Joints 25. The structural assembly 22 
also includes one and, preferably, a plurality of partial- 
penetration friction stir weld joints 24 joining adjacent 
structural members 23a, b; e. Specifk»lly, partial-pen- 
etration friction stir weld joints 24 join the intermediate 
structural member 23c to both the first and second outer 
structural members 23a, b. For structural assemblies 
containing only two structural members (not shown), the 
one or more partial-penetration friction stir weld joints 
joining the structural members are essentially full-pen- 
etration fridion stir weld joints similar to the weld joints 



25 along portions of the peripheral edges 23d of the 
structural members 23a, b, c illustrated In Figures. For 
structural assemblies containing four or more structural 
members (not shown), the first and second outer struc- 
5 tural members and the intermediate structural members 
may be joined to adjaeent intemiediate structural mem- 
bers by one or more partial-penetration friction stir weld 
joints. 

[0021}~ As illustrated in^ Figures Sand 5Ay thepartial- 
ifl—penetfation^friction-stti^ w el d joint s 2 4 pr e f e rably dofino 
areas 26 therebetween where the facing surfao^of the 
adjacent structural members 23a, b, c of the structural 
assembly 22 are spaced apart, which areas are fomned 
when pressurized heated gas is injected into an SPF 
pack to superptastically fonn the pack. The spaced- 
apart areas 26 define a plurality of reinforcing members 
27 extending between the first and second outer struc- 
tural members 23a, b, which can be fomned In a variety 
of different configurations^ depending upon the specific 
design loads and specifications. Similariy, in stmctural 
assemblies containing four or more structural members 
(not shown), reinforcing members can also be fonmed 
between the outer structural members and adjacent in- 
termediate structural members, and between pairs of 
adjacent Intermediate structural members. 
P022] The structural members 23a, b, c of the struc- 
tural assembly 22 may be formed of a variety of metals 
and metal alloys. In one preferred embodiment, the 
structural members 23a, b, c are formed of an "unweld- 
abie" material, which is a material that possesses high 
conductivity and quickly dissipates heat away from the 
weld joint and/or that exhibits cracking along the weld 
joint as a result of stresses caused by thermal expan- 
sion. Unweldable materials produce relatively weak 
weld joints when welded using conventional fusion 
welding processes and, thus, are for the most part un- 
available to designers for use in the construction of SPF 
packs. Such materials can include titanium, aluminum, 
aluminum alloys, and some alloys of titanium, paitlcu- 
lartyT1-6AMV, AA 2000 and 7000 series alloys. Advan- 
tageously, many of these materials possess special cor- 
rosion, fatigue, strengtii. or ductility characteristics that 
are desired in certain applications. In another preferred 
eml>odlment, the structural members 23a, b, c are 
formed of dissimilar metals. 

[0023] As Illustrated in Figure 5A, at least one facing 
surface of each pair of adjacent structural members 23a, 
b, c can be selectively covered with an oxide film 28 
such as aluminum oxide (AI2O3) for structural members 
formed of aluminum or an aluminum alloy, or titanium 
oxkie (TiO^) for structural members fomned of titanium 
or a titanium alloy. A "selectively oxidized" surface can 
include a surface that is entirely covered with an oxide 
film, as well as a surface that is only parilaily covered 
with an oxide film. The oxkie film 28 preferably corre- 
sponds to those regions that will undergo friction stir 
welding when forming the structural assembly 22. In the 
embodiment ilustrated in Figure 5A, the surfaces of the 
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first and second outer structural members 23a, b facing 
the intermediate structural member 23c are partially 
covered with an oxide film 28. In another embodiment 
(not shown), the surfaces of the Intermediate structural 
member 23c facing the First and second outer structural 
members 23a, b can be selectively anodized. In still ar>- 
other embodiment (not shown), the facing surfaces of 
both adjacent structural members can be selectively 
.covered with aaoxide film^For example^ ref erring-tof ig-- 
ure 5A. the facing surfaces of both the first outer struc- 



gent combined with either an alkaline or acid cleanser, 
as is known In the art. Preferably, the cleanser is an eleo^ 
trocleaner that is applied to the surface of the structural 
member at between 8 to 1 5 volts for 3 to 5 minutes. Such 
s cleansers can include OALIOd 1010 distributed by 
Brooktromcs Engineering Corp., North Hollywood, Cal- 
ifomia, SCM 4100 distributed by SIFCO Industrie In- 
corporated. Cleveland, Ohio, and LDC-01 distributed by 
- - Uquid-Development-Co^r^lncorporatedr Cleveland^ 
J2 Ohio. After c leaning and rionyiriiying the at irf s»r^ rif th^ 



tural memt)er 23a and the Intemriediate structural mem- 
ber 23c and/or the second outer structural member 23b 
and the intennediate structural member can be at least 
partially covered with an oxide film. 
[0024] Advantageously, an oxide film 28 with a thtek- 
ness on the order of approximately .0001 Inches, pro- 
vided the film Is continuous, effectively prevents thenno- 
compresslon welding of the adjacent structural rnenrv 
bers 23a, b, c, such that the width of the partial-pene- 
tration and full-penetration friction stir weld joints 24, 25 
is approximately equal to the width of the rotating friction 
stir welding probe used to fonn the weld joint. An exam- 
ple of a conventtonal friction stir welding tool 15 and 
probe 18 is illustrated in Figure 3A. Preferably the oxide 
film 28 is less than approximately .001 inches. It has 
been found that the oxide film 28 does not appreciably 
affect the material properties of the resulting partial-pen- 
^^etration and full-penetration friction stir welding joints 
r.:24, 25, as the gross plastic defomnatlon generated by 
the rotating friction stir welding probe as it moves 
through the interface between adjacent structural mem- 
bers 23a, b, c Is sufficient to break up the oxide layer 
and effect a sound weld. 

[0025] Aluminum and titanium, and their alloys, typi- 
cally grow a natural oxide film, whbh is approximately 
5 nm thick In dry air at room temperature for aluminum. 
However, the growth of the natural oxide film for both 
aluminum and titanium, and their alloys, is self-limiting 
and is not sufficiently thick to prevent thermo-compres- 
ston welding of adjacent structural members when form- 
ing full-penetration and partial-penetration friction stir 
weld joints. In order to form an oxide film of sufficient 
thickness, the structural member or members 23a, b, c 
must undergo an oxidation process referred to as ano- 
dizing or anodk: oxidation, as is known in the art. During 
anodic oxidation, the structural member 23a, b, c being 
anodized is immersed in an anodize bath as the anode 
in an electrolytic cell, resulting in the aluminum or tita- 
nium atoms on the surface of the structural member 
chemically adsorit>ing oxygen from the bath. The ano- 
dize bath is typically an electrically conductive acid, 
such as chromic acid, boric-suif uric acid, or sulfuric acid. 
Other acid anodizing substances, which are known in 
the ari, may also be used. 

[0026] According to one embodiment, the selective 
anodizing process can include cleaning and deoxidizing 
the facing surface of the structural member(5) 23a, b, c, 
on which the oxide film 28 is to be formed with a deter- 



structural member 23a; b, e, on whtoh the oxide film 28 
is to be formed is water rinsed to rerhove the cleansing 
solution. The surface of the structural member 23a, b, 
c is sufficlentiy dean when the water on the surface of 
IS the structural member maintains a continuous film, Le„ 
remains break-free, for 30 seconds after discontinuing 
the water rinse. The surface of the structural meml>er 
23a, b, c, on which the oxide film 28 is to be formed is 
preferably maintained wet until anodizing starts. 
^ [0027] As noted above, a selectively anodized sur- 
face can include a surface that is entirely covered with 
€ui oxide film, as well as a surface that is only partially 
covered with an oxide film. According to one embodi- 
ment, as illustrated in Figure 6A, the entire structural 
^5 member 33 on whtoh the oxide film 38 Is to be formed 
can be submerged in an acidic bath 31. Once sub- 
merged, the voltage across the structural member 33, 
which comprises the anode of the electrolytic circuit, Is 
increased. For example, for a structural mennber fomned 
30 of aluminum or an aluminum alloy, the acidic bath 31 
can include chromb acid, boric-sulfuric acid, or sulfuric 
acid, having a temperature of between 60** and BO"* 
Fahrenheit. Hie voltage across an aluminum or alumi- 
num alloy structural member is preferably increased 
35 from 0 volts to a maximum voltage of between 21 to 30 
volts at a rate of 3 to 4 volts per minute or 1 .5 to 2 volts 
per 30 seconds with an average cunrent density of 
between .35 and .45 amps/in^ and a maximum current 
density of between .42 and .SOamps/in^. Oncethemax- 
^ imum desired voltage Is reached, the structural member 
33 is anodized for a predetenmined ampere-hour or an- 
odize time, based upon the desired thickness of the ox- 
ide layer 38. The maximum voltage, average current 
density, maximum current density, and anodize time are 
45 dependent upon the composition of the structural mem- 
ber 33, as well as the solution used as the addle bath, 
as is known in the art. According to this embodiment, 
the entire surface of the stmctural member 33 is coated 
with an oxide film 38. 
50 [0028] In another embodiment, as illustrated In Figure 
6B, the surface 43a of the structural member 43 on 
which the oxide film 48 is to be formed is selectively an- 
odized using a process known in the art as brush ano- 
dizing. During brush anodizing, a hand-held electrode 
55 40 is prepared in which a portion of the electrode is 
wrapped In cotton, polyester, or polypropylene 41. The 
wrap is saturated with an acidic solution either by dip- 
ping or pump feed and then brought into contact with 
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and moved over the surf ace(s) of the structural member 
on which the oxide film 48 is to be formed as the voltage 
across the structural member 43, which comprises the 
anode of the electrolytic circuit, is increased. For exam- 
ple, for a structural member fonned of aluminum or an 
aluminum alloy, the wrap is saturatedaadth an acidic so- 
lution 41 comprising chromic acid, boric-sulfuric acid, or 
sulfuric acid, having a temperature of between 60"* and 
801 EahrenheiLThe-Vottage across an aluminum or a\ur. 
jiiimim.ailoy structural member is preferably Increased . 



able materials, i.e., materials that produce relatively 
weak weld joints when welded using conventional fusion 
welding processes, the fusion weldable strips 29a, b, c 
are preferably joined to the first edges 32 of the struc- 
s tural members by forming friction stir weld butt joints 34 
between the stmctural members and the corresponding 
strips of fusion weldable material. 
[0031 ] One or more cutouts 36 can be machined into 
- at least one fusion weldable strip 29a, b, c andthe first 
^ — ed g e 3 2 o f the-correspo n di ng s t r uctural memb e r 23ay- 



from 0 volts to a maximum voltage of between 21 to 30 
volts at a rate of 3 to 4 volts per minute or 1 .5 to 2 volts 
per 30 seconds with an average cuaent density of 
between .35 and .46 amps/in^ and a maximum current 
density of between .42 and .50 amps/in^. Once the max- 
imum desired voltage is reached, the stmctural member 
43 Is anodlzed for a predetennined ampere-hour or an- 
odize time, based upon the desired thickness of the ox- 
ide layer 48. The maximum voltage, average current 
density, maxbnum current density, and anodize time are 
dependent upon the composition of the stmctural menrv 
ber 43, as well as the solution used as the acidic bath, 
as is known in the art. According to this embodiment, 
only select portions of the surface of the stmctural mem- 
ber 43 are coated with an oxide film 48. 
[0029] In another embodiment, as illustrated in Figure 
6C, the surfaces of the structural member 53 are coated 
with a masking material 50, except for those surfaces 
58 on whk:h the oxide film is to be fonned. Thereafter, 
the exposed surfaces 58 of the structural member 53 
are anodlzed either by submersion In an acid bath, as 
illustrated in Figure 6A. or by brush anodizing, as illus- 
trated in Figure 6B, both of whbh are discussed above. 
[0030] Refening to Figures 7A-7F, there are illustrat- 
ed, according to one embodiment of the present inven- 
tion, the steps of constructing a fonning pack 30 that can 
be superptastically formed into a structural assembly. As 
discussed above, the facing surface of at least one 
structural member 23a, b, c from each pair of adjacent 
structural members in the forming pack 30 can be se- 
lectively anodlzed to thereby prevent thermo-compres- 
sion welding between the adjacent structural members. 
The structural members 23a, b, c are selectively joined 
together to fomri the sealed forming pack 30. The selec- 
th/e joining step Includes joining the structural members 
together by partial-penetration and full-penetratlon fric- 
tion stir weld joints 24, 25 and attaching to or between 
the structural members plumbing fittings 42 to enable 
the forming pack 30 to be inflated during the superplastic 
forming process. According to one embodiment, as il- 
lustrated in Rgures 7A-7E, the selective joining step in- 
cludes joining str^s effusion weldable material 29a, b, 
c to corresponding first edges 32 of the stmctural mem- 
bers 23a, b, c. Fusion weldable materials produce rel- 
atively strong weld Joints when welded using conven- 
tional fusion welding processes and preferably include 
low carbon steel and some alk>ys of titanium. Since the 
structural members 23a, b, c may be formed of unweld- 



b, c, using known machining methods. The cutouts 36 
will be in fluid communication with the Interior region or 
regions between the adjacent stmctural members 23a, 
b, c when the stmctural members are stacked. As illus- 
is trated In Figure 7E, the cutouts 36 will receive plumbing 
fittings 42 that will channel pressurized gas Into the In- 
terior of the fomnlng pack 30 during the superplastk; 
forming process. As illustrated In Figures 7A and 7B, for 
structumt assemblies having three or more structural 
20 members, the cutouts 36 are preferably machined into 
the fusion weldable strip 29c corresponding to an inter- 
mediate structural member 23c, although the cutouts 36 
may also be machined into a fusion weldable strip 29a, 
b corresponding to an outer stmctural member 23a, b. 
2s [0032] As illustrated in Figure 7A, the stmctural mem- 
bers 23a, b, c are stacked such that any intermediate 
structural members 23c are positioned between the first 
and second outer stmcturalmembers 23a, b. The stmc- 
tural members 23a, b, e may be secured to a worktable 
30 by means of a conventional clamp (not shown). The step 
of selectively joining the structural members 23a, b, c, 
also includes fomriing one or more partial-penetration 
friction stir weld joints 24 t>etween pairs of adjacent 
structural members. As illustrated in Rgure 70, for a 
35 structural assembly having three structural members 
23a, b, c, partial-penetration frtetion stir weld joints 24 
are formed between the intennediate stmctural member 
23c and the first and second outer stmctural members 
23a, b, respectively. In one embodiment, a rotating frio- 
^ tion stir welding probe 37, which is attached to the shoul- 
der 35a of a friction stir weld tool 35, Is forced in turn 
through the outer surface of the first and second outer 
structural members 23a, b and Into the intennediate 
structural member 23c to form the partial-penetration 
45 weld joints 24. In an altemate embodiment, the Interme- 
diate stmctural member 23c and the second outer struc- 
turai member 23b are stacked and partial-penetration 
friction stir weld joints 24 are fonned by forcing the ro- 
tating friction stir welding probe 37 through the outer sur- 
50 face of the intennediate structural member 23c and into 
the second outerstmctural member 23b. Thereafter, the 
first outer structural member 23a is stacked onto the in- 
termediate stmctural member 23c and partial-penetra- 
tion friction stir weld Joints 24 are formed by forcing the 
55 rotating friction stir wekiing probe 37 through the outer 
surface of the first outer structural member 23a and into 
the intermediate structural member 23c. By stacking ad- 
ditional structural members and then forming partial- 
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penetration friction stir weld joints between the adjacent 
structural members, structural assemblies having four 
or more structural members can be constructed accord- 
ing to the present invention. 

[0033] As illustrated in Rgure 7C, in order to seal the 
structural members 23a, c to form a sealed fomning 
pack 30, the selective joining step also includes forming 
full-penetration friction stir weld joints 25 along a portion 
■Of theperipheraLedges-of the stnjctural members 23a, 
b. c and the strips of fusion weldable material c 



In one embodiment, a rotating friction stir welding probe 
37 is forced in tum through the outer surface of the first 
outer structural member 23a, into and through the inter- 
mediate structural member 23c, and into the second 
outer stmctural member 23b to form the full-penetration 
weld joints 25. The peripheral edges of the strips of fu- 
sion weldable material 29a, b, c opposite the first edges 
32 of the structural members 23a, b, e define a non- 
welded plumbing edge 39 that is not sealed with a f uil> 
penetration friction stir weld joint 25. As such, the struc- 
tural members 23a, b, c are sealed on all peripheral edg- 
es except for the first edges 32 of the structural menrv 
bers, which are the edges welded to the strips of fusion 
weldable material 29a, b, c, and which edges are in fluid 
communication with the cutouts 36 for the plumbing fit- 
tings 42. 

[0034] As discussed above, and as illustrated in Rg- 
?s^ure 7D, at least one facing surface of each pair of adja- 
5; cent structural members 23a, b, c is selectively covered 
with an oxide film 28, which oxide film coincides with the 
location of the one or more partial-penetration and full- 
penetration friction stir weld joints 24, 25 to thereby pre- 
vent themioK^ompression welding of the adjacent struc- 
tural members and, thus, maintain the width of the weld 
joints approximately equal to the width of the friction stir 
welding probe 37. 

[0035] As illustrated in Figure 7E, the step of selec- 
tn/ely joining the structural members 23a, b, e, also in- 
cludes securing a plumbing fitting 42 within each cutout 
36 machined into the strip or strips of fusion weldable 
material 29a, b, c and the first edge 32 of the con-e- 
sponding structural members 23a, b, e. The plumbing 
fittings 42 are Inserted Into the cutouts 36 so that the 
fittings 42 will be in fluid communication with the interior 
of the sealed forming pack 30. Advantageously, a fusion 
weld joint 44 can be fomned along a least a portion of 
the plumbing edge 39 of the strips of fusion weldable 
material 29a, b, c, thus, effectively sealing the remaining 
peripheral edge of the structural members 23a, b, c to 
fonn a sealed fonning pacl^ 30 and securing and sealing 
the plumbing fittings 42 within the forming pack without 
impinging upon and damaging the fittings. 
[0036] Thereafter, as illustrated in Figure 7F, the 
sealed fonning pacic 30 is superplastrcally formed to 
form a structural assembly, such as the one illustrated 
in Figure 6. In one embodiment, the superplastic forming 
step includes positioning the seated forming pack 30 In 
a shaped containment die 45, as is known in the art. A 



pressure (fifferential is created between the interior and 
exterior of the fonning pack 30. The pressure differential 
appOed is preferably sufffelent to subject the fonning 
pack to strain within a predetermined strain range. The 
5 pressure differential is generally created by injec^ng flu- 
id, such as inert gas, through the plumbing fittings 42, 
thereby increasing the fluid pressure within the interior 
of the fonning pack 30. Concurrently with the establish- 
ment of a-pressuredifferential between^the interior and - 
— e xterior o f the fomrt i n g pac k 3 0 , th e fonning pack i s h e at - 



ed,~according to a predetermined teniperature sched- 
ule, to a temperature within the superplastic tempera- 
ture range of the material fonning the structural menv 
bers 23a, b, c of the fonning pack. Thus, the fonning 
15 pack superplastically defonns to the predetemiined 
shape defined by the cavity of the containment die 45 
to form a structural assembly. The structural assembly 
can be removed from the containment die and allowed 
to cool. Thereafter, final machining steps may be per- 
^ formed, including removing the strips of fusion weldable 
material 29a, b, c and the plumbing fittings 42, as Is 
known In the art. 

[0037] Refening to Figures 8A-8E, there are illustrat- 
ed, the steps of selectively joining the structural mem- 
25 bers 63a, b, e to construct a sealed forming pack 30, 
according to another embodiment of the present inven- 
tion. As discussed above, the facing suriace of at least 
one stmctural member 63a, b, c from each pair of adja- 
cent stmctural members in the forming pack 60 can be 
30 selectively anodized to thereby prevent themno-com- 
pression welding between the adjacent structural mem- 
bers. The structural members 63a, b, c are selectively 
joined together to fomn the sealed forming pack 60. The 
selective joining step includes joining the structural 
55 members together by partial penetration and full pene- 
tration friction stir weld joints 64, 65 and attaching to the 
structural members plumbing fittings 72 to enable the 
forming pack 60 to be inflated during the superplastk: 
fonning process. 

40 [0036] As illustrated in Figures SA and SB, the selec- 
tive joining step includes machining one or more primary 
cutouts or fluid passage ways 66 into the first edge 62 
of at least one structural member 63a, b, c, using known 
machining methods. The cutouts 66 will be in fluid com- 
municatlon with the interior region between the adjacent 
structural members 63a, b, e when the structural mem- 
bers are stacked. As illustrated in Figure 8D, the cutouts 
66 will receh/e plumbing fittings 72 that will channel pres- 
surized gas into the interior of the forming pack 60 during 

50 the superplastic fonning process. As illustrated in Fig- 
ures 8A and 8B, for structural assemblies having three 
or more structural members 63, the cutouts 66 are pref- 
erably machined into the first edge 62 of the intennedi- 
ate structural member 63c, although the cutouts 66 may 

55 also be machined into the first edge 62 of an outer stmc- 
tural member 63a, b or between adjacent structural 
members. 

[0039] As illustrated in Figure sA. the stmctural mem- 
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bers 63a, b, c are backed such that any intermediate 
structural members 63c are positioned between the first 
and second outer structural members 63a, b. The struc- 
tural members 63a, b, c may be secured to a worktable 
by means of a conventional clamp (not shown) . The step 
of selectively joining the stmctural members 63a, b, e, 
also includes forming one or more partial-penetration 
friction stir weld joints 64 between pairs of adjacent 
structural members^ As^Ulustrated xci Figure 8C for a 
st ructural as s e mb l y h a v i ng thre e structura l m o mb o r s- 
63a, b, c, partial-penetration friction stir weld joints 64 
are formed between the intermediate structural member 
63c and the first and second outer structural members 
63a, b, respectively. In one embodiment, a rotating fric- 
tion stir welding probe 77, which Is attached to the shoul- 
der 75a of a friction stir weld tool 75, is forced In turn 
through the outer surface of the first and second outer 
stmctural members 63a, b and Into the intermediate 
structural member 63c to form the partial-penetration 
weld Joints 64. In an altemate embodiment, the intenne- 
diate structural member 63c and the second outer struc- 
tural member 63b are stacked and partial-penetration 
fnctlon stir weld joints 64 are formed by forcing the ro- 
tating friction stir welding probe 77 through the outer sur- 
face of the intermediate structural member 63c and Into 
the second outer structural member 63b. Thereafter, the 
first outer structural member 63a is stacked onto the in- 
termediate structural member 63c and partial-penetra- 
tion friction stir weld joints 64 are formed by forcing the 
rotating friction stir welding probe 77 through the outer 
surface of the first outer structural member 63a and into 
the intemediate structural member 63c. By stacking ad- 
ditional structural members and then forming partial- 
penetration friction stir weld joints between the adjacent 
structural members, structural assemblies having four 
or more structural members can be constructed accord- 
ing to the present invention. 

[0040] As illustrated in Figure 8C, in order to seal the 
structural members 63a, b, c to form a sealed fomning 
pack 60, the selective joining step also includes fonming 
full-penetration friction stir weld Joints 65 along a portion 
of the peripheral edges of the structural members 63a, 
b, c. In one embodiment, a rotating friction stir welding 
probe 77 is forced in turn through the outer surface of 
the first outer structural member 63a, Into and through 
the intermediate structural member 63c, and into the 
second outer structural member 63b to form the full- 
penetration weld joints 65. The first edges 62 of the 
structural members 63a, b, c define a non-wekied 
plumbing edge 69 that is not sealed with a full-penetra- 
tion friction stir weld joint 65. As such, the structural 
members 63a, b, c are sealed on ail peripheral edges 
except for the first edges 62 of the structural members, 
at least one of which defines cutouts 66 for the plumbing 
fittings 72. Advantageously, as illustrated in Rgure 8C, 
at least one facing surface of each pair of adjacent struc- 
tural memt)ers 63a, b, c is selectively covered with an 
oxide film 68, which oxide film coincides with the location 



of the one or more partial-penetration and full penetra- 
tion friction stir weld joints 64, 65 to thereby prevent ther- 
mo-compression welding of the adjacent structural 
members and, thus, maintain the width of the weld joints 
s approximately equal to the wkith of the friction stir weld- 
ing probe 77. 

[0041] As illustrated in Figure 8D, the step of selec- 
tively joining the structural members 63a, b, c, also In- 
cludes securing asolid edge memt>er 70 to the first edg- 

i Q et*% rA thft -g tn inti iral mrrmKr^r^ TKn g filiH nrinn i tt-^— 

70 is preferably fomfied of a weldable material, such as 
low carbon steel and some alloys of titanium. Since the 
structural members 63a, b, c may be formed of unweld- 
able materials, /.e., materials that produce relatively 
weak wekJ Joints when welded using conventional fusion 
welding processes, the solid edge member 70 is prefer- 
ably Joined to the first edges 62 of the structural menv 
bers 63a, b,e by forming a friction stir weld butt Joint 74 
between the structural members and the edge member. 
The first edges 62 of the structural members 63a, b, c 
are preferably machined flush using known machining 
methods prior to securing the solid edge member 70. 
Advantageously, the solid edge member 70 effectively 
seals the remaining peripheral edges of the structural 
members 63a, b, c to form a sealed fonming pack 60. 
[0042] Using known machining methods, secondary 
cutouts or fluid passage ways 76 are machined through 
the solid edge member 70, whbh cutouts 76 correspond 
to, and are in fluid communication with, the cutouts 66 
machined into the first edge 62 of at least one of the 
structural members 63a, b, c. The cutouts 76 In the edge 
member 70 are preferably machined through the edge 
member after the edge member is secured to the first 
edges 62 of the structural members 63a, b, c, although 
the cutouts 76 may be machined prior to welding the 
edge member to the structural members. 
[0043] As illustrated in Figure 8D, the step of selec- 
tively joining the structural members 63a, b, c, also in- 
cludes securing a plumbing fitting 72 within each cutout 
76 machined into the solid edge member 70 and the first 
edge 62 of the corresponding structural members 63a, 
b, c. The plumbing fittings 72 are inserted into the cut- 
outs 66, 76 so that the fittings 72 will be in fluid commu- 
nication with the Interior of the sealed forming pack 60. 
A fusion weld Joint 73 can be formed around the plumb- 
ing fittings 72, thus, securing and sealing the fittings 
within the forming pack 60 without impinging upon and 
damaging the fittings. Thereafter, as discussed eU^ove, 
the sealed forming pack 60 is superplastk:ally formed to 
form a structural assembly. 

[0044] Referring now to Figures 13A and 13B, there 
are illustrated, the steps of constructing a forming pack 
80 that can be superplastically fonmed into a structural 
assembly 82, according to another embodiment of the 
present invention. As illustrated in Figure ISA, one or 
more primary cutouts or fluid passage ways 86 are ma- 
chined into the first edge 82a of a single structural mem- 
ber 83, using known machining methods. The cutouts 
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86 win be in fluid communbation with the interior of the 
structural menit>er 83. As illustrated in Figure 13B. the 
cutouts 86 will receive plunnbing ffttings 92 that wHi chan- 
nel pressurized gas into the interior of the forming pack 
80 during the superplastb forming process. As d^- 
cussed above and illustrated in Figure 13B, a strip of 
f ushion weldable material or edge member 90 is joined 
to the first edge 82a of the structural member 83 by form- 
ing af riiAion st'rweld butt joint 94 betweenthe structural 
member 83 and the edge member 90. Using known ma- 
chining methods, secondary cutoute or fluid passage 
ways 96 are machined through the edge member 90, 
whteh cutouts 96 correspond to, and are in fluid com- 
munication with, the cutouts 86 machined into the first 
edge 82a of the structural member 83. The cutouts 98 
In the edge manber 90 are preferably machined through 
the edge member after the edge member is secured to 
the first edge e2a of the structural member 83, although 
the cutouts 96 may be machined prior to welding the 
edge member to the stmctural member. In an alternate 
embodiment (not shown), the step of machining the cut- 
outs 86 is omitted and the cutouts 96 are machined 
through the edge member 96, Into the first edge 82a of 
the structural member 83, and Into the interior of the 
structural member. 

[0045] As illustrated in Rgure 13B, a plumbing fitting 
92 Is secured within each cutout 96 machined into the 
edge member 90 and the first edge 82 of the structural 
; member 83. The plumbing fittings 92 are inserted into 
;the cutouts 86, 96 so that the fittings 92 will be in fluid 
communication with the interior of the structural mem- 
ber, whteh advantageously comprises the sealed fomr>- 
Ing pack 80. A fusion weld joint 94 can be f oniied around 
the plumbing fittings 92, thus, securing and sealing the 
fittings within the forming pack 80 without impinging up- 
on and damaging the fittings. Thereafter, as discussed 
above, the sealed fomiing pack 80 is superplastically 
fomried to fomi a structural assembly 82, as Illustrated 
In Figure 13C. For example, the pack 80 could be ex- 
panded Into identical, mirror>image dies. After forming, 
the structural assembly 82 could be cut apart into two 
independent, single sheet components or used as a uni- 
tary component. 

[0046] The present invention also provides a method 
of manufacturing a structural assembly. In one embod- 
iment, as illustrated In Figure 9, the method includes the 
steps of providing first and second structural members. 
See block 100. Advantageously, a surface of at least 
one of the first and second structural members is selec- 
tively anodized to thereby prevent thermo-compression 
welding between the first and second structural menrv 
bers. See block 101. The first and second structural 
members are stacked and then selectively joined to fomn 
a sealed forming pack. See blocks 102 and 103. The 
sealed forming pack is then superplastically fomned to 
thereby fomn the structural assembly. See block 104. 
The structural assembly may be machined after the su- 
perplastic-fomning step. See bk>ck 108. 



[0047] In one embodiment, as illustrated in Figures 9, 
10, 11 , 11 A. and 12. the superplastlc-forming step may 
include positioning the sealed forming pack in a shaping 
die. See blocks 105, 113, 126, 139. and 153.The sealed 
5 forming pack is then heated according to a predeter- 
mined temperature schedule. See block 106, 114, 127, 
140, and 154. Following the heating step, pressurized 
heated gas is injected into the sealed forming pack to 
— inflate the sealed^formlngpacfc into^shapedeflnedby- - - 

— ^0 the shaping die See hinck 1 07, 1 1 5, 1 28, 1 41 , and 1 55, 

[0048] In another embodiment, as illustrated in Figure 
10, the method of manufacturing includes the steps of 
selectively anodizing a surface of at least one structural 
member, which structural member can Include a first 
15 outer structural member, a second outer structural 
member, or at least one intermediate stmctural member, 
to thereby prevent thenno-compresslon welding to the 
at least one structural member having the selectively an- 
odized surface. See block 1 09. The first and second out- 
^ er structural members and the at least one Intermediate 
structural member are then stacked such that the at 
least one ffitemiediate structural member Is positioned 
between the first and second outer stmctural members. 
See block 110. The first and second outer structural 
25 nrtembers are then selectively joined to the at least one 
intennediate structural member to form a sealed forming 
pack. See block 111. The sealed fomning pack is then 
superplastically formed to thereby form a stmctural as- 
sembly. See block 112. The structural assembly may be 
30 machined after the superplastlc-fomriing step. See bkxjk 
116. 

[0049] In still another embodiment, the method of 
manufacturing a stmctural assembly includes the steps 
of joining strips of fusion weldable material to corre- 
35 spending first edges of first and second stmctural mem- 
bers. See btock 117. The first and second structural 
members are then stacked such that the strips of fusion 
weldable material attached to the corresponding first 
edges of the first and second structural members are 
40 superimposed. See block 120. After the stacking step, 
full-penetration friction stir weld Joints are formed along 
a portion of the peripheral edges of the first and second 
structural members and the strips of fusion weldable 
material to thereby define a non-welded plumbing edge 
45 along the strips of fusion weldable material. See block 
1 22. Plumbing fittings are at least partially Inserted Into 
the plumbing edge of the strips of fusion weldable ma- 
terial. See block 123. in one embodiment, prior to the 
stacking step, cutouts can be machined in the plumbing 
50 edge of at least one of the strips of fusion weldable ma- 
terial to receh^e the plumbing fittings. See block 119. Af- 
ter the inserting step, a fusion weld joint is formed along 
at least a portion of the plumbing edge of the strips of 
fusion weldable material such that the plumbing fittings 
55 are sealed between the strips of fusion weldable mate- 
rial. See bbck 1 24. The first and second stmctural mem- 
bers are then superplastically formed to thereby form 
the structural assembly. See btock 125. The strips of fu- 
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sion weldable material attached to the corresponding 
first edges of the first and second structural members 
can be machined away after the superplastic-fonning 
step. See block 129. In one embodiment, at least one 
parttai'penetration friction stir weld joint Is fomned be- 
tween the first and second structural members after the 
stacking step. See block 121. Prior to the partial-pene- 
tration weld joint forming step, the surface of at least one 
of -the first and secorul structuraimembers may^ be se- 
lectively anodized. See block 1 tft. 



Rgure 12, the method of manufacturing a structural as- 
sembly includes the steps of drilling at least one aper- 
ture Into a peripheral edge of at least one of a plurality 
of structural members, wherein the at least one aperture 
s defines a primary gas passage. See block 1 43. The plu- 
rality of structural members are stacked. See block 145. 
After the stacking step, fomiing full-penetration friction 
stir weld joints along peripheral edges of the plurality of 
— structural^ members^ other than^ a^ nofHwekted^plumbmg- 
— edgorWhere in th e p l umbi ng-e d ge com p ri ses th e prim ary- 



[0050] In Stat another embodiment, as illustrated in 
Figure 11 A, the method of manufacture may also in- 
clude joining a strip of fusion weldable material to a cor- 
responding first edge of at least one intermediate struc- 
tural member. See block 130. According to this embod- 
iment, the first and second outer structural members 
and the at least one intermediate structural member are 
stacked such that the at least one Intermediate structur- 
al member Is positioned between the first and second 
outer structural members and the corresponding strips 
of fusion weldable material are superimposed. See 
block 133. After the stacking step, full-penetration fric- 
tion stir weld joints are f omned along a portion of the pe- 
ripheral edges of the first and second outer structural 
members, the at least one intermediate structural menv 
ber, and the strips of fusion weldable material to thereby 
define a non-welded plumbing edge along the strips of 
fusion weldable material. See block 135. Plumbing fit- 
tings are then at least partially inserted into the plumbing 
edge of at least one of the strips of f uston weldable ma- 
terial. See block 136. In one emt>odiment, prior to the 
stacking step, cutouts can be machined in the plumbing 
edge of at least one of the strips of fusion weldable ma- 
terial to receive the plumbing fittings. See block 132. Af- 
ter the inserting step, a fusion weld joint is formed along 
at least a portion of the plumbing edge of the strips of 
fusion weldable material such that the plumbing fittings 
are sealed between the strips of fusion weldable mate- 
rial. See block 137. The first and second outer structural 
members and the at least one intermediate structural 
member are then superplastically fonned to thereby 
form the structural assembly. See block 138. The strips 
of fusion weldable material friction stir welded to the cor- 
responding first edges of the first and second outer 
structural members and the at least one Intenmedlate 
structural member may be machined away after the su- 
perpiastic-forming step. See block 142. In one embodi- 
ment, the surface of at least one structural member, 
whbh structural member may include the first outer 
structural member, the second outer structural member, 
or the at least one intermediate structural member, may 
be selectively anodized prior to the stacking step. See 
block 131 . In another embodiment, at least one partial- 
penetration friction stir weld joint may be fomned be- 
tween the at least one structural member having a se- 
lectively anodized surface and an adjacent structural 
member prior to the stacking step. See block 134. 
[0051] In still another embodiment, as illustrated in 



gas passage. See block 147. An edge member is se- 
cured to the plumbing edge of the plurality of stmcturai 
members. See block 149. The plumbing edge may be 
machined flush prior to the securing step. See block 
'5 148. At least one aperture is drilled through the edge 
member to thereby define a secondary gas passage 
such that the secondary gas passage of the edge mem- 
t>er Is In fluid communbation with the primary gas pas- 
sage of the plumbing edge. See block 150. A plumbing 
so fitting Is attached to the secondary gas passage of the 
edge member. See bk>ck 151. The plurality of structural 
members are then superplastically formed to thereby 
fomn the structural assembly. See block 152. The edge 
member may be machined away after the superplastb- 
fomning step. See block 156. In one embodiment, the 
surface of at least one of the plurality of structural mem- 
bers is selectively anodized prior to the stacking step. 
See block 144. In another embodiment, at least one par- 
tial-penetration f rictk>n stir weld joint may be fonned be- 
30 tween the at least one structural member having a se- 
lectively anodized surface and an adjacent structural 
member prior to the stacking step. See blocic 146. 
[0052] Accordingly, there has been provided a struc- 
tural assembly and an associated method of manufac- 
35 ture allowing for the cost-effective manufacture of su- 
perplastically-formed structural assemblies using fric- 
tion stir welding to form the SPF packs. The method of 
manufacture minimizes thermo-compression welding of 
the Interface between adjacent structural members and 
40 prevents damage to the plumbing fittings of the SPF 
packs. The resultant stmcturai assemblies have fine de- 
tails, close tolerances, and minimal residual stresses. 
[0053] Many modifications and other embodiments of 
the Invention will come to mind to one skilled in the art 
^ to which this Inventton pertains having the benefit of the 
teachings presented in the foregoing descriptions and 
the associated drawings. Therefore, ft is to be under- 
stood that the invention is not to be limited to the specify 
embodiments disclosed and that modifications and oth- 
er embodiments are intended to be Included within the 
scope of the appended claims. Although specific terms 
are employed herein, they are used in a generic and de- 
scriptive sense only and not for purposes of limitation. 
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Claims 



1. A superplastically-formed structural assembly, 
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comprising: 



comprising the steps of: 



first and second stnictural members having fac- 
ing surfaces, said first and second structural 
members selected from the group consisting of 
first and second outer structural members and 
first and second intennediate structural mem- 
bers; and 

atJeast.ona frictiOTLstic weld joint joining said 
first and second structural members, wherein 



prDviding first and second structural memt>ers: 
selectively anodizing a surface of at least one 
of the first and second stmctural members to 
thereby prevent themio-compression welding 
between the first and second structural ment- 
bers; 

stacldng^the first- and second structural men^v 
-be^s^- 



4. 

<5. 



6. 



8. 



said facing surface of said first structural merrv 
ber is at least partially covered with oxide to 
thereby prevent themno-compression welding 
of said first and second structural members acT 
Jacent said at least one friction stir weld joint. 

A superplasticalty formed structural assembly ac- 
cording to Claim 1 wherein said facing surface of 
said second structural member is at least partially 
covered with oxide. 

A superplasticalty fonned structural assembly ac- 
cording to Claim 2 wherein said oxide has a thick- 
ness of at least 5 nm. 

A superplastically fonned structural assembly ac- 
cording to Claim 1 wherein said first and second 
structural members comprise dissimilar metals. 

A superplastically formed structural assembly ac- 
cording to Claim 1 wherein said first and second 
structural memt>ers are formed of materials select- 
ed from the group consisting of titanium, aluminum, 
and alloys thereof. 

A superplastically fonned structural assembly ac- 
cording to Claim 1 further comprising a plurality of 
friction stir weld joints joining said first and second 
structural members. 

A superplastically formed structural assembly ac- 
cording to Claim 6 wherein said plurality of friction 
stir weld jointe define areas theret>etween wherein 
said facing surface of said first structural member 
is spaced apart from said facing surface of said sec- 
ond structural memt>er. 
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selectively joining the first and second structur- 
al merhbers after said stacking step' to fomri a 
sealed fbmning pack; and 
thereafter, supeiplastteaily forming the sealed 
fomning pack to thereby f omi the stmctural as- 
sembly. 

11. A method according to Claim 10 wherein said se- 
lective anodizing step comprises Immersing the at 
least one of the first and second structural members 
in an anodize bath as the anode in an electrolytto 
cell. 

12. A method according to Claim 10 wherein said se- 
lective anodizing step comprises brush anodizing 
the surface of the at least one of the first and second 
structural members. 

A method according to Claim 10 further comprising 
the step of machining the structural assembly after 
said superplastk:-fomilng step. 



13. 
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A superplastically fonned structural assembly ac- 
cording to Claim 1 wherein said first and second 
structural members comprise first and second outer so 
structural members. 

A superplastically fonned structural assembly ac- 
cording to Claim 1 wherein said first and second 
structural members comprise first and second inter- 55 
mediate structural members. 



10. A method of manufacturing a structural assembly. 



14. A method according to Claim 10 wherein said su- 
perplastic-forming step comprises: 

positioning the sealed forming pack in a shap- 
ing cfie; 

heating the sealed forming pack according to a 
predetermined temperature schedule; and 
injecting pressurized heated gas into the 
sealed forming pack following said heating step 
to inflate the sealed forming pack into a shape 
defined by the shaping die. 

15. A method of manufacturing a structural assembly, 
comprising the steps of: 

selecth/ely anodizing a surface of at least one 
structural member selected from the group con- 
sisting of first and second outer structural mem- 
bers and first and second intermediate structur- 
al members to thereby prevent thermo-com- 
presston welding to the at least one structural 
member having the selectively anodized sur- 
face; 

stacking the first and second outer structural 
members and the at least one intenmediate 
structural member such that the at least one in- 
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termediate stmcturai member is positioned be- 
tween the first and second outer structural 
members; 

selectively joining the first and second outer 
stmcturai members to the at least one intenne- 5 
diate stmcturai member to form a sealed fonrn- 
ing pack; and 

superplasticaily forming the sealed fomiing 
paclcto-thereby-fonm-astructurai assembly.- 



the plumbing edge of the strips of fusion weld- 
able material; 

after said Inserting step, fonming a fusion weld 
joint abng at ie£^t a portion of the plumbing 
edge of the strips of fusion weidabte material 
such that the plunFtbing fittings are sealed be- 
tween the strips of fusion weldable material; 
and 

superplasticaily forming- the first and second 
stfu ctural m errrip ers t o there b y f o r m the s t m c=- 
tural assembly. 



16. A method according to Claim 15 wherein said se- 
lective anodizing step comprises immersing the at 
least one structural member in an anodize bath as 
the anode in an electrolytic cell. 

17. A method according to Claim 15 wherein said se- 
lective anodizing step comprises brush anodizing 
the surface of the at least one stmcturai memk)er. 

18. A method according to Claim 15 further comprising 
the step of machining the structural assembly after 
said superplastic-forming step. 



22. A method according to Claim 21 further comprising 
the step of fonning at least one partial-penetration 
friction stir weld joint between the first and second 
stmcturai members after said stacking step. 

23. A method according to Claim 22 further comprtsing 
the step of selectively anodizing the surface of at 
least one of the first and second stmcturai members 
prior to said partial-penetration-weld-Jolnt-formtng 
step. 



19. A method according to Claim 15 wherein said se- 
lective joining step occurs concun^ently with said 
stacking step. 

20. A method according to Claim 15 wherein said su- 
perplastic forming step comprises: 

30 

positioning the sealed forming pack In a shap- 
ing die; 

heating the sealed fonning pack according to a 
predetemriined temperature schedule; and 
injecting pressurized heated gas into the 35 
sealed fonning pack following said heating step 
to inflate the sealed forming pack into a shape 
defined by the shaping die. 

21. A method of manufacturing a stmcturai assembly, 40 
comprising the steps of: 

joining strips of fusion weldable material to cor- 
respondingtirst edges of first and second struc- 
tural members; 43 
stacking the first and second stmcturai mem- 
bers such that the strips of fusion weldable ma- 
terial attached to the corresponding first edges 
of the first and second stmcturai members are 
superimposed; so 
after saM stacking step, forming full-penetra- 
tion friction stir weld joints along a portion of the 
peripheral edges of the first and second struc- 
tural members and the strips effusion weldable 
material to thereby define a non-welded plumb- ss 
ing edge along the strips of fusion weldable ma- 
terial; 

Inserting plumbing fittings at least partially into 



24. A method according to Claim 22 wherein said se- 
lective anodizing step comprises immersing the at 
least one of the first and second stmcturai members 
In an anodize bath as the anode in an electrolytic 

celL 

25. A method according to Claim 22 wherein said se- 
lective anodizing step comprises bmsh anodizing 
the surface of the at least one of the first and second 
stmcturai members. 

26. A method according to Claim 21 further comprising 
the step of machining cutouts to receive the plumb- 
ing fitting^ in the plumbing edge of at least one of 
the strips of fusion weldable material prior to said 
stacking step. 

27. A method according to Claim 21 further comprising 
the step of machining away the strips of fusion weld- 
able material attached to the corresponding first 
edges of the first and second stmcturai members 
after said superpiastic-forming step. 

28. A method according to Claim 21 wherein said su- 
perpiastic-fomning step comprises: 

positioning the sealed fomning pack in a shap- 
ing die; 

heating the sealed forming pack according to a 
predetemriined temperature schedule; and 
injecting pressurized heated gas into the 
sealed forming pack following said heating step 
to inflate the sealed forming pack Into a shape 
defined by the shaping die. 
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29. A method according to Claim 21 further comprising 
the steps of: 

joining a strip of fusion weldable material to a 
corresponding first edge of at least one inter- 
mediate structural member; 
stacking the first and second outer structural 
members and the at least one intermediate 
. structural membersuch that the at least one.in- 
termediate structural me mber is position ed 
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34. A method according to Claim 29 further comprising 
the step of machining cutouts to receive the plumb- 
ing fittings in the plumbing edge of at least one of 
the strips of fusion weldable material prior to s^id 
stacking step. 

35. A method according to Claim 29 further comprising 
the step of machining away th e strips of fusion weld- 

able-material-frictiorvstjr weJded tothe correspond- 

ing-fifst-edges- of the first-and-seco n d outei^s 



tween the first and second outer structural 
members and the corresponding strips of fu- 
sion weldable material are superimposed; 
after said stacking step, fomning full-penetra- 
tion friction stir weld Joints along a portion of the 
peripheral edges of the first and second outer 
structural members, the at least one Intermedftr 
ate structural member, and the strips of fusion 
weldable material to thereby define a non-weld- 
ed plumbing edge along the strips of fusion 
weldable material; 

inserting plumbing fittings at least partially Into 
the plumbing edge of at least one of the strips 
of fusion weldable material; 
after said inserting step, forming a fusion weld 
Joint along at least a portion of the plumbing 
edge of the strips of fusion weldable material 
such that the plumbing fittings are sealed be- 
tween the strips of fusion weldable material; 
and 

superplastlcally forming the first and second 
outer structural members and the at least one 
intermediate structural member to thereby form 
the structural assembly. 

30. A method according to Claim 29 further comprising 
the step of selectively anodizing the surface of at 
least one structural member selected from the 
group consisting of the first and second outer struc- 
tural members and the first and second intermedi- 
ate structural members prior to said stacking step. 

31. A method according to Claim 30 wherein said se- 
lective anodizing step comprises immersing the at 
least one structural member in an anodize bath as 
the anode In an electrolyte cell. 

32. A method according to Claim 30 wherein said se- 
lective anodizing step comprises brush anodizing 
the surface of the at least one structural member. 



33. A method according to Claim 30 further comprising 
the step of forming at least one partial-penetration 
friction stir weld joint between the at least one struc- 
tural member having a selectively anodized surface 
and an adjacent structural member concurrently 
with said stacking step. 



tural members and the at least one intennediate 
structural member after said superplastb-formlng 
step. 

36. A method according to Claim 29 wherein said su- 
perplastb-forming step comprises: 

positioning the sealed fomnlng pack In a shap- 
ing die; 

heating the sealed forming pack according to a 
predetermined temperature schedule; and 
Injecting pressurized heated gas into the 
sealed fonming pack following said heating step 
to inflate the sealed forming pack into a shape 
defined by the shaping die. 

37. A method of manufacturing a structural assembly, 
comprising the steps of: 

drilling at least one aperture into a peripheral 
edge of at least one of a plurality of structural 
members, wherein the at least one aperture de- 
fines a primary gas passage; 
stacking the plurality of structural members; 
after said stacking step, forming full penetration 
frbtion stir weld joints along peripheral edges 
of the plurality of structural members other than 
a non-welded plumbing edge, wherein the 
plumbing edge comprises the primary gas pas- 
sage; 

securing an edge member to the plumbing 
edge of the plurality of structural members; 
drilling at least one aperture through the edge 
member to thereby define a secondary gas 
passage such that the secondary gas passage 
of the edge mennber is In fluid commun Nation 
with the primary gas passage of the plumbing 
edge; 

attaching a plumbing fitting to the secondary 
gas passage of the edge member; and 
superplastbally fomning the plurality of structur- 
al members to thereby fonri the structural as- 
sembly. 



55 -38. A method according to Claim 37 further comprising 
the step of machining the plumbing edge flush prior 
to saki securing step. 
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39. A method according to Claim 37 further comprising 
the step of selectively anodizing the surface of at 
least one of the plurality of structural members prior 
to said stacking step. 

40. A method according to Claim 39 wherein said se- 
lective anodizing step comprises immersing the at 
least one of the plurality of structural members in 

. an anodlze bath^the anode ln an electronic cell 
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41. A method according to Claim 39 wherein said se- 
lective anodizing step comprises brush anodizing 
the surface of the at least one of the plurality of 
structural members. 



15 



42. A method according to Claim 39 further comprising 
the step of forming at least one partial-penetration 
friction stir weld Joint between the at least one struc- 
tural member having a selectively anodized surface 
and an adjacent structural member after said setec- 20 
tive anodizing step. 

43. A method according to Claim 37 further comprising 
the step of machining away the edge member after 
said superpiastlc-forming step. 2S 

44. A method according to Claim 37 wherein said su- 
perplastic-forming step comprises: 

positioning the sealed fonming pack in a shap- so 
ing die; 

heating the sealed fomriing pack according to a 
predetermined temperature schedule; and 
Injecting pressurized heated gas into the 
sealed forming pack following said heating step 35 
to Inflate the sealed forming pack into a shape 
defined by the shaping die. 
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PROVIDING FIRST AND SECOND STRUGURAL MEMBERS. 



SELEQIVELY ANODIZING A SURFACE OF AT LEAST ONE OF THE HRST AND 

SECOND STRUCTURAL MEMBERSTaTHEREBXPREVENTTHERMO- 
COMPRESSION WELDING BFIWEEN THF RRST AND SCf nun ^limiRAI 

MEMBERS, 



STACKING THE RRST AND SECOND STRUCTURAL MEMBER! 



SELECTiVEiy JOINING THE FIRST AND SECOND STRUCTURAL MEMBERS TO 
FORM A SEALED FORMING PACK. 



SUPERPLASTICALLY FORMING THE SEALED FORMING PACK TO THEREBY FORM 
THE STRUCTURAL ASSEMBLY. 



101 



102 



103 



104 



I 



POSITIONING THE SEALED FORMING PACK IN A 
SHAPING DIE. 



HEATING THE SEALED FORMING PACK ACCORDING TO 
A PREDETERMINED TEMPERATURE SCHEDULE 



INJECTING PRESSURIZED HEATED GAS INTO THE 
SEALED FORMING PAttTO INFIATE THE SEALED 
FORMING PACK INTO A SHAPE DB1NED BY THE 
SHAPING DIE 



MACHINING THE STRUQURAL ASSEMBLY 
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FIG, 9, 
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